Abstract: Species in Phellinus s.s. are some of the most important wood-decaying fungal pathogens in northern temperate forests, yet data on species incidence in North America remains limited. Therefore, phylogenetic analyses were performed using four loci (ITS, nLSU, tef1 and rpb2) with isolates representing 13 species. Results of phylogenetic analyses using maximum likelihood and Bayesian inference revealed that eight species of Phellinus s.s. occur in North America, and include: P. alni, P. arctostaphyli, P. betulinus, P. lundellii, P. nigricans, P. tremulae and two undescribed species, P. NA1 and P. NA2. Meanwhile, P. tuberculosus, P. igniarius s.s., P. populicola, P. laevigatus s.s. and P. orienticus were not detected and appear restricted to Europe and/or Asia. The tef1 dataset outperformed all other loci used and was able to discriminate among all 13 of the currently known Phellinus s.s. species with significant statistical support. The internal transcribed spacer (ITS) region performed well but a high level of intraspecific variation could lead to inflated taxa recognition. Phellinus alni exhibited the broadest host range, as demonstrated previously, and appears to be the most common species in northern hardwood (Acer-BetulaFagus), northern floodplain (Fraxinus-Populus-Ulmus) and coastal alder (Alnus) forests of North America.
Introduction
Based on several independent studies that utilized the morphological, biological and phylogenetic species concepts, it is clear that Phellinus sensu stricto (s.s.) is composed of a limited number of species that cause a delignifying trunk rot of deciduous hardwoods, with minor exceptions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Numerous other species previously classified as Phellinus [13] are now members of various segregate genera (e.g., Fomitiporia, Fuscoporia, Inonotus, Onnia, Phellinidium and Porodaedalea, among others) [7] [8] [9] .
White trunk rot of hardwoods, caused by Phellinus s.s., has been described as the single most important rot of hardwoods in North America [14] . Boyce ([15] p. 413) noted: "The false tinder fungus causes more loss than any other wood destroyer of hardwoods". In North America, Phellinus s.s. is known to be most destructive in northern hardwood (Acer-Betula-Fagus) and aspen (Populus) forest types [14] [15] [16] . The presence of a single basidiocarp on the trunk of an infected tree can indicate a column of decay approximately 2 m in length for American beech (Fagus grandifolia) and sugar maple (Acer saccharum), and nearly 3 m in length for yellow birch (Betula alleghaniensis) [17] . Phellinus tremulae, one of the first species to be distinguished from the P. igniarius sensu lato (s.l.) complex [18] , acts as an aggressive pathogen of aspen (Populus; especially P. tremuloides) and has been shown to cause significant losses of merchantable timber in the U.S. Lake States and Intermountain West [19, 20] .
For decades, white trunk rot of hardwoods was attributed to the actions of a single species, P. igniarius, even though several varieties or types were described [21, 22] . While still referred to as the "P. igniarius group", there are up to nine species of Phellinus s.s. known or suspected to occur in North America, and include: P. alni, P. acrtostaphyili, P. igniarius s.s., P. laevigatus, P. lundellii, P. nigricans, P. populicola, P. tremulae, P. tuberculosus [8, 9, 16, 23, 24] . There are additional species still described as "Phellinus" in North America (P. bicuspidatus and P. spiculosus, for example) that prior studies have shown are not members of Phellinus s.s. [8, 10] . Ironically, it has been hypothesized that P. igniarius s.s. is a European species restricted to Salix [6, 9] . However, a broader survey of species incidence by Tomšovský et al. [12] demonstrated that while P. igniarius s.s. is most common on Salix, it also occurs on Populus and Malus in Europe and Asia, signifying this species could potentially occur on all members of the Salicaceae and Rosaceae growing in northern temperate regions. An additional Phellinus species found only on Populus, P. populicola, is genetically similar to P. igniarius s.s. and is present throughout northern Europe and Asia [6, 12] . To date, it remains unclear if either P. igniarius s.s. or P. populicola occur in North America.
Phylogenetic analyses have vastly improved the ability to discriminate genera and species in Phellinus s.l., yet most studies that include Phellinus s.s. have primarily utilized isolates collected from Europe [6] [7] [8] [9] 12] , leaving North American researchers to speculate about species distribution and host specificity. The goals of this study were to determine the incidence and host distribution of Phellinus s.s. species using isolates that originated from northern temperate forests in North America. It was hypothesized that eight species of Phellinus s.s. occur in North America: P. alni, P. arctostaphyli, P. nigricans, P. laevigatus, P. lundellii, P. populicola, P. tremulae and P. tuberculosus.
Experimental Section

Isolates Used, DNA Extraction, PCR, and DNA Sequencing
A total of 57 isolates, representing eight presumed species from northern North America, Europe and Asia were chosen for this study and include: P. alni, P. arctostaphyli, P. nigricans, P. laevigatus, P. lundellii, P. populicola, P. tremulae and P. tuberculosus. In addition, isolates representing segregate genera in Phellinus s.l. and known to infect deciduous hardwoods were also used and include: Fuscoporia spp., Inocutis dryophila, Inonotus vaninii and Phellinopsis conchata. Fomes fomentarius was chosen to represent the outgroup. Most isolates were either field-collected by the author or obtained from the USDA Forest Service, Center for Forest Mycology Research (CFMR) herbarium. Isolates from the CFMR herbarium where chosen based on presumed species, geographic disparity and host diversity from northern North American forests that encompass the northern hardwood, aspen and alder forest types, among others (Table 1) .
DNA extraction and PCR protocols have been described previously [25] . To generate PCR amplicons, the following primer pairs were used: ITS1-F and ITS4 [26] for the internal transcribed spacer (ITS); LR0R [27] and LR5 [28] the nuclear large subunit (nLSU) domains one to three; EF595F and EF1160R for partial elongation factor 1-alpha (tef1) [29] ; and bRPB2-6F and bRPB2-7.1R [30] for partial RNA polymerase II, second largest subunit (rpb2) sequences. PCR products were visualized on 1% agarose gels stained with SYBR Safe (Life Technologies, Carlsbad, CA, USA) to ensure the presence of single amplicons. After visualizing the tef1 amplicons, six of the ten P. alni isolates chosen for study failed to amplify using the EF595F/EF1160R primer pair. Additional tef1 primers frequently used in phylogenetic studies of Basidiomycetes (983F/2218R) [31] were then used in the following combination to generate amplicons: (i) 983F/1160R; and (ii) EF595F/2218R. The first primer pair again failed, while the second primer pair produced single amplicons, approximately 1120 bp in size. The sequence analysis (described below) showed that isolates of P. alni can have two C/T mismatches in the EF1160R priming region, preventing successful annealing.
Prior to sequencing, PCR products were purified using ExoSAP-IT (USB, Cleveland, OH, USA). Isolates were sequenced using the Big Dye Sequencing Kit v. 3.1 on an ABI 3130xl capillary sequencer (Applied Biosystems, Foster City, CA, USA) at the Genomics Resource Laboratory, University of Massachusetts, Amherst. GenBank accession numbers are listed in Table 1 .
Sequence Alignment and Phylogenetic Analysis
Raw sequences were edited using CodonCode v. 4.0.4 (CodonCode Corporation, Dedham, MA) and aligned with MAFFT v. 7 using the L-INS-i option for ITS sequences and the FFT-INS-i option for the remaining datasets [32] . Phylogenetic reconstructions were performed using maximum likelihood (ML) and Bayesian inference (BI). For ML and BI, the best-fit nucleotide substitution model was chosen using log-likelihood (-lnL) scores generated using jModelTest v. 2 [33, 34] . For all data sets, the model that produced the highest -lnL score was the general time reversible (GTR) substitution model [35] . Sequences generated in this study were combined with data from previous studies [7, 9, 12, 36, 57] . Information for these isolates is provided in Table 1 . ML analyses were carried out in MEGA v. 6.06 [37] using the GTR+I+G substitution model with the subtree-pruning-regrafting (SPR level 5) heuristic search method and the branch swap filter set to "moderate". The gamma shape parameter value was estimated directly from the data within MEGA. Significance was assessed over 1000 bootstrap replicates and clades with BS values ≥70% were considered significant. BI of phylogenies was determined using MrBayes 3.2.4 [38] . The analyses were performed using the GTR substitution model with gamma distributed rate variation and a proportion of invariable sites (INVGAMMA). Posterior probability distributions were obtained with two independent runs of Markov Chain Monte Carlo (MCMC), each with four chains (three heated and one cold) for 10,000,000 generations and a sampling frequency every 1000th generation. Posterior probability (PP) values were calculated after excluding 25% (burn-in) of the trees produced during the MCMC analysis. Estimated Sample Size (ESS) values for the parameters were then assessed in Tracer v. 1.6.0 (http://tree.bio.ed.ac.uk/software/tracer/) to assure convergence. Sufficient sampling was accomplished if ESS values >200. Trees sampled after convergence of the two runs (when average standard deviation of split frequencies <0.01 and average potential scale reduction factor for parameter values >1) were used to reconstruct a 50% majority rule consensus tree and obtain PP values. Trees were viewed in FigTree v. 1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/) and clades supported by PP values ≥0.95 were considered significant.
The disparity index (ID) test of pattern heterogeneity [39] was performed to determine if significant differences in substitution rates existed among the chosen loci. Only the isolates for which all datasets were available (ITS, nLSU, tef1 and rpb2) were used. The test was performed using 1000 Monte-Carlo replications with significance assessed at p = 0.05. Pairwise analysis of all sequences in each dataset determined that two sets of loci evolved with similar substitution rates: (i) ITS and tef1; and (ii) nLSU and rpb2. However, phylogenetic reconstructions carried out separately for each dataset highlighted significant differences in tree topology (BS values ≥70% and PP values ≥0.95 at the nodes; see Results). Therefore, none of the individual datasets were concatenated for further phylogenetic analysis.
Results
Phylogenetic Analysis and Species Identification
Successful amplification and sequencing was achieved for nearly all isolates used in this study.For certain isolates representing segregate genera in Phellinus s.l., only ITS sequences were generated (Table  1) . Based on the results of the analyses performed here, 13 phylogenetic species in Phellinus s.s. were differentiated from isolates that originated from northern North America, Europe and Asia (Table 1 ; Figures 1-4 ). Of these 13 species, eight are present in North America, and include: P. alni, P. arctostaphyli, P. betulinus, P. lundellii, P. nigricans, P. tremulae and two undescribed species, hereafter referred to as P. NA1 and P. NA2 (Figures 1-4) . The results demonstrate that three species suspected of having a Holarctic distribution are, based on this dataset, restricted to Europe and Asia with a sister species present in North America. Specifically, P. laevigatus s.s., P. populicola and P. tuberculosus were not detected from North America (Table 1 ; Figures 1-4) . In their place, P. betulinus, P. NA1 and P. NA2 occur with the same host preference: Betula, Populus and Prunus (Table 1 ; Figures 1-4) . Based on the tef1 dataset, P. laevigatus s.l. is composed of three unique phylogenetic species (P. betulinus, P. orienticus and P. laevigatus s.s.) (Figure 4) . The remaining three loci were unable to fully discriminate the P. laevigatus s.l. complex, although the ITS dataset did distinguish P. orienticus as distinct from P. betulinus and P. laevigatus s.s. (Figures 1-3) . Finally, P. igniarius s.s. was not detected from the North American dataset, although one of its primary hosts in Europe (Salix) was not analyzed here. However, a closely-related species, P. NA1, was discovered but is represented by only a single isolate (Figures 1-4) .
Overall, the four loci used produced similar tree topologies with one significant difference. Trees reconstructed using the ITS, nLSU and rpb2 datasets all grouped isolates representing the P. laevigatus s.l. complex distal to all other Phellinus s.s. species (Figures 1-3 ). Only the tef1 dataset was not in agreement (Figure 4) , grouping P. laevigatus s.l. in a superclade with P. tremulae, P. NA2, P. tuberculosus and P. arctostaphyli. Additionally, all four loci demonstrated a close relationship between two sets of species: (i) P. tremulae and P. NA2 and; (ii) P. tuberculosus and P. arctostaphyli. These four species consistently grouped together regardless of locus or analysis method (Figures 1-4) .
Phylogenetic Relationships by Locus
The four loci used in this study (ITS, nLSU, rpb2 and tef1) had varying levels of utility in discriminating Phellinus s.s. species. The ITS dataset was the most extensive in the number of sequences available from different geographic regions and hosts (Table 1; Figure 1 ). While ITS sequences demonstrated an ability to differentiate most Phellinus s.s. species, this dataset also exhibited high intraspecific variation. For example, isolates representing P. alni, P. nigricans and P. igniarius s.s. were divided into subclades with significant statistical support based on their geographic origin (Figure 1) . In other cases, ITS provided only limited utility in differentiating several closely-related species groups, such as P. igniarius s.s.-P. populicola-P. NA1 and P. tremulae-P. NA2 (Figure 1 ). The ITS dataset was able to distinguish P. orienticus as a unique phylogenetic species from the P. laevigatus s.l. group but could not differentiate between P. betulinus and P. laevigatus s.s. (Figure 1) .
Much like the ITS dataset, the 5′ region of the nLSU is able to differentiate among most Phellinus species, but support for some clades was weak with both ML and BI ( Figure 2 ). As expected, there was limited intraspecific variation in the nLSU compared to the ITS region, but closely-related species are once again undifferentiated (Figure 2) . Sequences from domains six to seven in the rpb2 gene comprised the lowest number of total sequences due to the lack of additional data in public databases (Figure 3 ). This dataset provided higher BS and PP values compared to the ITS and nLSU datasets but again, lacked resolution among closely-related species (Figure 3) .
The tef1 dataset was superior to all other loci used in this study (Figure 4 ). Nearly all of the species analyzed were supported with significant BS and PP values with most supported with very high confidence (BS ≥ 99% and PP = 1). In conjunction with sequences generated by Tomšovský et al. [12] , tef1 grouped Phellinus s.s. species into two main superclades (Figure 4) . The tef1 dataset was also able to discriminate members among the closely-related P. laevigatus s.l. complex (P. betulinus, P. laevigatus s.s. and P. orienticus) with strong statistical support (Figure 4) . Despite the high overall resolution, this dataset, like all others, failed to differentiate P. igniarius s.s., P. populicola and P. NA1 with consistent, significant support (Figure 4 ).
Phylogenetic Relationships by Host
The results show that most Phellinus s.s. species primarily infect a single host genus (Table 2 ). Five species (P. betulinus, P. laevigatus s.s., P. orienticus, P. lundellii and P. nigricans) are specific to Betula and three (P. betulinus, P. lundellii and P. nigricans) have overlapping host ranges in North America. Prunus has two associated species (P. tuberculosus and P. NA2) while Populus has three (P. populicola, P. tremulae and P. NA1). Lastly, P. arctostaphyli is known only from the woody shrub genus Arctostaphylos. Two remaining Phellinus species, meanwhile, are notable exceptions to this trend: (i) P. alni, which has a broad host range that includes Acer, Alnus, Betula and Fagus and in this particular study; and (ii) P. igniarius s.s., which is still unconfirmed from North America. 
Discussion
The primary objective of this study was to better understand the assemblage of Phellinus s.s. species present in North America using a multilocus dataset composed of isolates representing a broad geographic area. As hypothesized, at least eight species of Phellinus s.s. occur in North America, yet the specific species assemblage was not accurately predicted. Up to this point, nearly all of the work aimed at elucidating the species in Phellinus s.s. has been performed in Europe, albeit with some isolates originating from North America [4, [6] [7] [8] [9] 12, 40] . While some Phellinus s.s. species have Holarctic distributions, the results of this study demonstrate clear differences in the North American assemblage that were not previously known.
In North America, P. alni has the widest host range of any Phellinus s.s. species, occurring on Acer, Alnus, Betula and Fagus. Including its known host range in Europe, P. alni inhabits at least 14 host genera, including Fraxinus, Juglans, Prunus and Ulmus [6, 12] . This broad host range is unique within the genus, as most members of Phellinus s.s. exhibit a very narrow host range (see Table 2 ). Considering this, P. alni is likely the most common species found in northern hardwood (Acer-Betula-Fagus), northern floodplain (Fraxinus-Populus-Ulmus) and coastal Alnus forests in North America. It is most likely widespread in Quercus-dominated forests as well, since many of the minor tree species in the Quercus forest types are hosts for P. alni [41] . Phylogenetically, all four loci grouped P. alni with P. lundellii, P. igniarius s.s., P. NA1, P. nigricans and P. populicola. Of this group, P. igniarius s.s., P. NA1 and P. populicola are known only from woody plants in the Salicaceae and Rosaceae. Interestingly, both Fischer [6] and Tomšovský et al. [12] found that P. alni does not infect members of the Salicaceae in Europe and this trend was observed in North America as well. Yet, Populus was the only member of Salicaceae examined in this study and more targeted sampling of Salix and Populus species is necessary to conclude if P. alni can attack these hosts. Additionally, this targeted sampling will help to conclude if P. igniarius s.s. and P. populicola are indeed present in North America. At present, these two species are known only from Europe and Asia. Attempts to utilize "Phellinus" specimens from the CFMR herbarium that were collected from Salix proved these isolates belong to segregate genera such as Fuscoporia (results not shown).
Based on variations in morphological characters, Parmasto [40] proposed that P. laevigatus s.l. is composed of two species: P. laevigatus s.s. from Europe and P. betulinus from North America and Asia. Furthermore, Parmasto believed that P. betulinus can be further divided into two subspecies: ssp. betulinus from North America and ssp. orienticus from Asia. The results presented here show that P. laevigatus s.s., P. betulinus and P. orienticus each represent a unique phylogenetic species. While this assertion is supported by only one dataset (tef1), prior studies have shown tef1 to be the only marker capable of discriminating between very closely-related species in basidiomycete genera like Armillaria and Trametes [42] [43] [44] . Additionally, the ITS dataset was able to discriminate P. orienticus from P. betulinus-P. laevigatus s.s. with a high level of support (BS/PP = 99/1). Thus, the results presented here support the elevation of P. orienticus and P. betulinus to species status. Phellinus orienticus has been previously treated as a distinct species based solely on morphological characters [45] . Additionally, Wagner and Fisher [8] treated P. orienticus as a unique species in their study to deconstruct Phellinus s.l. using nLSU sequences. In this study, nLSU sequences were unable to discriminate among members of P. laevigatus s.l.
Isolates collected from Prunus in North America that were thought to represent P. tuberculosus were instead shown to be a separate phylogenetic species, referred to here as P. NA2. What is perhaps more interesting is that each locus examined in this study showed that P. NA2 is more closely-related to P. tremulae than to P. tuberculosus. Meanwhile, the results also reveal a close genetic relationship between P. tuberculosus and P. arctostaphyli. Regardless of its closest relative, the results suggest that P. tuberculosus is restricted to Europe and Asia and that P. NA2 requires formal description as a new North American species. Overholts [22] (pp. 64-65) did note that specimens of P. tuberculosus from Europe had larger basidiospores compared to specimens from North America and that: "The American plant should perhaps be designated as a distinct variety". Basidiospore variation between P. NA2 and P. tuberculosus was also confirmed by Niemelä [46] and Gilbertson and Ryvarden [5] .
The first recognized description of Phellinus from Prunus was performed by Baumgarten, who described the species as Boletus tuberculosus [47] . This name was soon forgotten though, in favor of the epithet B. pomaceus, which appeared in the literature less than a decade later [48] . Both of these early descriptions utilized European strains of the pathogen. Numerous, subsequent descriptions of this species were made in North America and Europe, all using Phellinus pomaceus [5, 22, 46, 49, 50] until it was determined to be a synonym of P. tuberculosus, with the latter having precedence [51] . After this point, Riffle and Conway [52] adopted the use of P. tuberculosus while Ryvarden and Gilbertson [53] preferred use of the well-established P. pomaceus. Phylogenetic studies of Phellinus s.l. have consistently used P. tuberculosus over P. pomaceus [7, 8, 10, 12] , but the use of P. pomaceus still continues, albeit infrequently [54, 55] . Adding to the confusion is the fact that P. alni can also be found on Prunus [6] along with Fomitiporia prunicola [56] .
One of the most fascinating aspects of Phellinus s.s. is that five species are known to occur primarily on Betula (P. betulinus, P. laevigatus s.s., P. lundellii, P. nigricans, and P. orienticus). Three of these species (P. betulinus, P. lundellii and P. nigricans) are present in North American forests and have overlapping host ranges. Not only do these three species occupy the same geographic area but they appear to occupy the same ecological niche, with no apparent preference for a particular species of Betula. Clearly, these species represent an interesting model for studies on sympatric speciation. At the same time, P. nigricans and P. lundellii were somewhat partitioned in their distribution in North America, with P. nigricans present in western and north-central North America while P. lundellii was identified from north-central and eastern North America. Because their ranges do overlap in the Lake States region and Betula species occur contiguously across northern North America, it's most likely both species are present across the continent as well.
A single isolate collected from Idaho in 1966 by Orson Miller, and presumed to be P. tremulae, represents a sister species to P. igniarius s.s. and P. populicola. This species, P. NA1, remains undescribed here pending further study on its distribution and host range. While white trunk rot of aspen is primarily the result of infection by P. tremulae, this study shows that P. NA1 must be considered as an additional causal agent. Further, Inonotus vaninii (formerly Phellinus vaninii) can also be found on Populus [57] . Even if P. NA1 and I. vaninii are uncommon on Populus compared to P. tremulae, a complex of Phellinus s.l. species should now be considered to cause white trunk rot of aspen.
It is entirely reasonable to believe that Phellinus s.s. species described here as host-specific may, at times, be found on non-preferred hosts. Because of decades of confusion and misinterpretation in the taxonomy of Phellinus s.s. [13] , numerous reports exist of exceptions in the host-specificity reported here and in previous studies [6, 12] . Yet, these reports of incidence on non-preferred hosts should be carefully scrutinized as future studies shed further light on the incidence and host range of Phellinus s.s. across northern temperate forests.
